Background {#Sec1}
==========

Many cancer patients use therapies promoted as viable alternatives to conventional cancer treatment with questionable outcomes. Such unproven modalities can be potentially harmful. Furthermore, an even greater proportion of cancer patients use complementary therapies such as herbs and supplements along with conventional cancer treatment such as chemotherapy and radiation therapy. Some of these may have been proven to be adjunctive approaches that control symptoms and enhance quality of life. There is much controversy as to whether these natural health products should be taken during conventional cancer treatments and both sides of the divide provide valid arguments. More importantly, the drug-herb interaction effects of such complementary therapies with chemotherapy agents are often not studied during clinical trials or even receive post-marketing surveillance \[[@CR1], [@CR2]\]. Cancer development and progression is usually not driven by single cells. The tumor microenvironment drives the drug resistance and tumor survival \[[@CR3]--[@CR5]\]. It is hard to believe any single agent may effectively suppress cancer development and progression. Researchers have been actively targeting the Mother Nature to explore any potential regimen for cancer. Despite dietary or plant-isolated compounds \[[@CR6]--[@CR12]\] exhibiting a potent anticancer effect, thorough scientific investigation should be conducted in order to validate their effects on cancer treatment.

*Clinacanthus nutans*, or Sabah Snake Grass (SSG) as it is locally known in Malaysia, is a plant with indigenous origins in Southeast Asia, although its actual origin is unknown. It was originally isolated from Sabah, West Malaysia and hence, it is named after the location. The genus *Clinacanthus* consists of two species, *C. nutans* Lindau and *C. siamensis* Brem, with both belonging to the family Acanthaceae. *C. nutans*, a small shrub, is often cultivated and has long been used in Thailand as a traditional medicine for the treatment of skin lesions resulting in a *C. nutans* preparation for the relief of minor skin inflammation \[[@CR13], [@CR14]\]. Among cancer patients in Malaysia, SSG has been known to cure the latter stages of liver cancer; however, its consumption is advised to be carried out only following conventional treatments of chemotherapy and radiotherapy due to possible adverse effects that could arise. To the best of our knowledge, this claim has no scientific evidence to support it, and is made purely due to the cautioning of concomitant use of chemotherapy agents with other unproven agents. Several isolated studies have therefore investigated the claims. It was suggested the methanolic extracts of *C. nutans* had effects on human lung cancer (NCI-H23), cervical cancer (HeLa), liver cancer (HepG2), leukemia (K-562, Raji), neuroblastoma (IMR32), gastric cancer (SNU-1) and colon cancer (LS-174 T) cells. However the most active extract, chloroform extracts exhibited only a very low potency (IC~50~ = 47.31--47.70 μg/mL) against cancer cells \[[@CR15]\]. The criteria established by the American National Cancer Institute for a crude extract to be considered as a potential cytotoxicity agent, it would achieve an IC~50~ less than 30 μg/mL when tested against a cell line. In another study, however, *C. nutans* methanolic extracts showed no significant cytotoxicity until at the highest concentrations tested under normoxic conditions \[[@CR16]\]. Furthermore, *C. nutans* extracts tested against cyclophosphamide against COR-L23 cancer cell line with and without microsomal incubation did not show a significant (*p* \> 0.05) reduction in IC~50~ values \[[@CR17]\]. Thus, it is rather challenging for clinicians to recommend or to discourage the use of *C. nutans* in achieving the desired therapeutic outcomes. The need to standardise the experimental procedures, including using the standardised extracts, and to use a standardised in vitro anticancer procedure, is of the utmost importance to mitigating the anticancer potential of *C. nutans.*

In our previous study, we have prepared the standardised polar and non-polar fractions of *C. nutans* leaves and stem. These extracts were found to exhibit anti-inflammatory properties through inhibiting Toll-like Receptor 4 (TLR-4) activation and nitric oxide production, one of the key inflammatory mediators. The total phenolic contents and total flavonoid contents were correlated with its anti-inflammatory potency. The polar leaf extracts were also found to inhibit the hallmark inflammatory mediators, such as p65, p38, pERK, pJNK and pIRF3. More importantly, we have established that these standardised bioactive extracts of *C. nutans* had no cytotoxicity on human embryonic kidney cells and macrophages \[[@CR18]\]. In this study, we aimed to expand our knowledge by investigating the anticancer effects of these standardised *C. nutans* leaves and stem in human cancer cells. Since most patients are likely also to take both chemotherapy agents and *C. nutans* concomitantly*,* we also investigated the interaction between chemotherapy agents and *C. nutans.* The current investigation was also designed to determine the possible cell death behind the interaction between *C. nutans* extracts and gemcitabine in pancreatic cancer cells.

Methods {#Sec2}
=======

Preparation of plant extracts {#Sec3}
-----------------------------

As established in the previous study \[[@CR18]\], the *C. nutans* plant was identified by a botanist from the Forest Research Institute of Malaysia, in an orchard at Pahang, Malaysia. The voucher specimens of the plant were deposited in the Malaysian Agricultural Research and Development Institute herbarium with the specimen numbers MDI 12807 and MDI 12808. *Clinacanthus nutans* polar leaf extracts (LP), non-polar leaf extracts (LN), polar stem extract (SP) and non-polar stem extracts (SN) were prepared based on the previous study without modification \[[@CR18]\]. The leaves and stem bark were dried and turned to powder separately before extraction. The dried powders were immersed in polar solvents (methanol and dichloromethane) or non-polar solvents (hexane and diethyl ether) for 3 days at room temperature. The preparation was in accordance to the way the extracts were normally consumed by the public and from methods described in published literature. LP, SP, LN and SN were prepared, and the solvents were removed under vacuum using a rotary evaporator at 60 °C. We routinely determined the total phenolic content (TPC) and total flavonoid content (TFC) of extracts using standardized assays as per described in previous studies. Only dried extracts in which the TPC and TFC were within a 5% variation from the previous published findings \[[@CR18]\], were then subjected to further experiments. All chemical reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) unless specified.

Cell lines and cell culture {#Sec4}
---------------------------

Cancer cells derived from cancers that had high prevalence or high mortality were selected for this study. All cells were obtained from the American Tissue Culture Collection (Rockville, MD, USA), unless specified. The selected cells were human breast cancer cells (MCF7, MDA-MB-231, MDA-MB-468, HCC38), colon cancer cells (HCT116, HT29, SW48, Caco2), lung cancer cells (A549, NCI-H1299, NCI-H23, Calu-1), endometrial cancer cells (AN3-CA, HEC-1-A, HEC-1-B, RL95--2), nasopharyngeal cancer cells (CNE1, HK1, SUNE1, TWO1), and human pancreatic ductal adenoma, PDAC (AsPC1, BxPC3, SW1990, Panc 10.05). Human nasopharyngeal cancer cells were shared with us by Professor Sam C. K, University of Malaya, Malaysia. Unless specified, all cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 100 IU/mL of penicillin, 100 μg/mL of streptomycin, with L-glutamine, 4.5 g/L glucose and sodium pyruvate as per established in previous studies \[[@CR9], [@CR11], [@CR19]--[@CR23]\]. Instead of RPMI-1640, Calu-1 were cultured in Dulbecco's Modified Eagle's Medium (DMEM); RL95--2 were cultured in DMEM:F12; AN3CA and HEC-1B were cultured in Eagle's Minimum Essential Medium; HEC-1A were cultured in McCoy's 5A media. All cells were maintained at 37 °C under 5% carbon dioxide in a humidified incubator.

Cytotoxicity assay {#Sec5}
------------------

Since the previous study \[[@CR18]\] established that the extracts at 100 μg/mL did not induce significant cytotoxicity on human embryonic kidney cells and macrophage, this indicated that the extracts may not have any cytotoxic effect to non-cancerous cells. Hence, concentrations used were up to 100 μg/mL. Cells were plated in 384-well plates for 24 h followed by LP, LN, SP and SN treatment at 1-100 μg/mL for 72 h incubation as per established in previous studies \[[@CR11]\]. As a comparison, we also tested vitexin and isovitexin (Sigma Aldrich, USA), the pure compounds that were commonly isolated *Clinacanthus nutans* extracts \[[@CR13]\]. CellTitre-Glo® Luminescent Cell Viability Assay kit (Promega, USA) was used to quantify the cell viability based on the luminescence readings recorded using SpectraMax M3 Multi-Mode Microplate Reader (Radnor, USA). IC~50~ values were calculated based on the dose-response curve generated. The experiments were validated using with 100 μg/mL gemcitabine and 5-fluorouracil, the first line clinically used anti-cancer agents.

Gemcitabine combination analysis {#Sec6}
--------------------------------

The drug combination analysis was performed using the method developed by Chou and Talalay \[[@CR24]\]. Multiple fixed-ratio dose--effect curves and the calculations of combination index (CI) and drug reduction index (DRI) were generated using Calcusyn 2.1 software (Biosoft, Cambridge, UK) as previously described \[[@CR24]--[@CR27]\]. CI values of \< 1, = 1, and \> 1 respectively indicate synergism, additive effect, and antagonism (Additional file [1](#MOESM1){ref-type="media"}: Table S1). DRI values were used to describe the dose reduction potential of the combination by predicting the dose of gemcitabine and SSG needed when used in combination to achieve a defined effect level (fraction affected, Fa) in comparison with the single-agent dose required for such effect. In principle, the dose reduction potential with DRI \> 1 can be clinically valuable in reducing the risk of developing drug toxicity toward the host while retaining the therapeutic efficacy in a synergistic drug combination \[[@CR28]\].

Since we could not exclude the possibility that SN extracts and gemcitabine might act simultaneously through different mechanisms, we also included the Bliss independence model to define the combinatorial effects. To further determine the combination effects using Highest Single Agent (HSA) model and Bliss independence model as previously described, Combenefit® software (Cancer Research UK Cambridge Institute, United Kingdom) was employed for drug interaction analysis \[[@CR25], [@CR29]--[@CR31]\]. The volume of Bliss interaction for dose-response combination matrix was statistically evaluated and graded accordingly by MacSynergy II program version 1.0, in which volume values of below -25 μM^2^%, between − 25 and 25μM^2^%, and above 25μM^2^% were respectively considered Bliss antagonism, Bliss additivity and Bliss synergism (Additional file [1](#MOESM1){ref-type="media"}: Table S2) \[[@CR32]\].

Quantification of TLR-4 levels {#Sec7}
------------------------------

Our previous study \[[@CR18]\] suggested that SN extracts inhibited LPS induced TLR4 activation in RAW264.7 cells, murine macrophage. In order to investigate whether the TLR4 inhibitory effect of SN extracts is related to the synergistic anti-cancer effects of SN extracts and gemcitabine on pancreatic cancer cells, cells were treated for 72 h and the protein lysates were quantified by sandwich enzyme immunoassay principle using the TLR-4 enzyme-linked immunosorbent assay (ELISA) kit (Biocompare, Germany) as described in the manufacturer's instructions. Cancer cells treated with 0.1% dimethylsulfoxide (DMSO) were used as negative control in this experiment.

Determination of the mode of cancer cell death {#Sec8}
----------------------------------------------

In order to quantify the degree of cell death induced by the gemcitabine and/or SN extracts, pancreatic cancer cells were treated for 72 h and the nucleosomes were quantified by sandwich enzyme immunoassay principle using the Cell Death Detection ELISA^PLUS^ kit (Roche Diagnostics, Indianapolis, U.S.A.) as described in the manufacturer's instruction and in previous study \[[@CR20]\]. The enrichment factors of apoptosis were calculated based on the absorbance of cells treated with compound or combination over absorbance of cells treated with vehicle control (0.1% DMSO).

Detection of apoptosis by Annexin V flow cytometry {#Sec9}
--------------------------------------------------

PE Annexin V Apoptosis Detection Kit (BD Biosciences, USA) was used to quantify the apoptotic cell population, as described previously (10--11). Both floating and attached pancreatic cells were collected 72 h after the treatment with gemcitabine and/or SN extracts. All cells were analyzed using a BD FACS Calibur flow cytometer and the BD CellQuest Pro Software (version 5.1.1; BD Biosciences, USA) as described previously (11).

Apoptotic antibody array {#Sec10}
------------------------

With the aim of identifying the cellular apoptotic markers involved in pancreatic cancer cells treated with gemcitabine and SN extracts, cells were treated with gemcitabine and/or SN for 72 h followed by plating the cell lysates into RayBio® Human Apoptosis Antibody Array (RayBiotech, USA) All reagents and chemicals were supplied by the manufacturer and conducted as per our previous study \[[@CR22]\]. The fold changes were calculated after being normalised with cells treated with 0.1% DMSO.

Protein isolation and immunoblotting {#Sec11}
------------------------------------

Protein lysates of pancreatic cancer cells treated with gemcitabine and/or SN for 48 h, were extracted in ice-cold lysis buffer (1% NP-40, 1 mM DTT and protease inhibitors in PBS), as described previously (10--11). Fifty micrograms of total protein was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by immunoblotting. Primary monoclonal antibodies against bax (D2E11), bcl-2 (D55G8), cIAP2 (58C7), XIAP (3B6) and anti-rabbit monoclonal antibodies were obtained from Cell Signaling, USA. Mouse monoclonal antibodies against and GAPDH (G-9; 1:1000) were obtained from Santa Cruz Biotechnology.

Statistical analysis {#Sec12}
--------------------

All data was reported as mean ± standard deviation from a minimum of three independent experiments. Statistical significance was analysed using one-way analysis of variance (ANOVA) and post testing using Dunnett's test through SPSS for Windows. A *p*-value of less than 0.05 (*p* \< 0.05) was considered significantly different compared to negative control, treatment with 0.1% DMSO.

Results {#Sec13}
=======

*C. nutans* extracts selectively inhibit proliferation of human pancreatic ductal adenocarcinoma {#Sec14}
------------------------------------------------------------------------------------------------

To evaluate whether *C. nutans* extracts exhibited anti-proliferative effects, a total of 23 human cancer cells (MCF7, MDA-MB-231, MDA-MB-468, HCC38, HCT116, HT29, SW48, Caco2, A549, NCI-H1299, NCI-H23, Calu-1, AN3CA, HEC-1-A, HEC-1-B, RL95--2, CNE1, HK1, SUNE1, TWO1, AsPC1, BxPC3 and SW1990) were treated with 1-100 μg/mL of LP, LN, SP or SN for 72 h. SN possess the most potent (IC~50~: 31.21--39.12 μg/mL) and selective anti-proliferative effects towards human pancreatic cancer cells (AsPC1, BxPC3, and SW1990), sparing the human non-cancer cells (MCF10A, ARPE19, MRC5 and CCD841 CoN). As shown in Table [1](#Tab1){ref-type="table"}, the lowest IC~50~ results were found among human pancreatic cancer cells treated with SN extracts (IC~50~: 31.21--39.12 μg/mL). Vitexin and isovitexin, the most commonly isolated *C. nutans* were not active (IC~50~ \> 100 μg/mL) against human cancer cells. Table 1The IC~50~ of *C. nutans* Extracts on Cancer CellsCell TypeCell LineVitexinIsovitexinLPLNSPSNBreast CancerMCF7\> 100\> 100\> 100\> 100\> 100\> 100MDA-MB-231\> 100\> 100\> 100\> 100\> 100\> 100MDA-MB-468\> 100\> 100\> 100\> 100\> 100\> 100HCC38\> 100\> 100\> 100\> 100\> 10098.43 ± 1.51Colorectal CancerHCT116\> 100\> 100\> 100\> 100\> 100\> 100HT29\> 100\> 100\> 100\> 100\> 100\> 100SW48\> 100\> 100\> 100\> 100\> 100\> 100Caco2\> 100\> 100\> 100\> 100\> 100\> 100Lung CancerA549\> 100\> 100\> 100\> 100\> 10071.11 ± 3.51NCI-H1299\> 100\> 100\> 100\> 100\> 100\> 100NCI-H23\> 100\> 100\> 100\> 10082.28 ± 5.9053.21 ± 1.33Calu-1\> 100\> 100\> 100\> 100\> 100\> 100Endometrial CancerAN3CA\> 100\> 100\> 100\> 10097.77 ± 1.1250.51 ± 3.16HEC-1-A\> 100\> 100\> 100\> 100\> 100\> 100Hec-1-B\> 100\> 100\> 100\> 100\> 100\> 100RL95--2\> 100\> 100\> 100\> 100\> 100\> 100Nasopharyngeal CancerCNE1\> 100\> 100\> 100\> 100\> 100\> 100HK1\> 100\> 100\> 100\> 100\> 100\> 100SUNE1\> 100\> 100\> 100\> 100\> 100\> 100TWO1\> 100\> 100\> 100\> 100\> 100\> 100Pancreatic CancerBxPC3\> 100\> 100\> 100\> 10080.11 ± 7.1539.12 ± 3.35SW1990\> 100\> 100\> 100\> 10082.21 ± 4.2830.91 ± 3.16AsPC1\> 100\> 100\> 100\> 10070.77 ± 3.2131.21 ± 7.46Non-cancerous CellsMCF10A\> 100\> 100\> 100\> 100\> 100\> 100ARPE19\> 100\> 100\> 100\> 100\> 100\> 100MRC5\> 100\> 100\> 100\> 100\> 100\> 100CCD841 CoN\> 100\> 100\> 100\> 100\> 100\> 100

Combination effects of SN extracts and gemcitabine on human pancreatic ductal adenocarcinoma {#Sec15}
--------------------------------------------------------------------------------------------

To investigate whether there was synergism between SN extracts and gemcitabine, via enhancement of gemcitabine sensitivity in the pancreatic cancer cells, we evaluated the anti-proliferative effects of SN extracts in combination with gemcitabine in the squamous-like SW1990 and BxPC3 pancreatic cancer cells, and the progenitor-like AsPC1 pancreatic cancer cells. As shown in Fig. [1](#Fig1){ref-type="fig"}, SN extracts potentiated the anti-cancer effect of gemcitabine in both SW1990 and BxPC3, but not in AsPC1. The CI values and the combination analyses based on the HSA and Bliss independence models indicated that the combination of SN extracts and gemcitabine exerted significant synergism to inhibit the squamous subtype pancreatic cancer cells (SW1990 and BxPC3) being tested (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, Table [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, Additional file [1](#MOESM1){ref-type="media"}: Figure S1, Additional file 1: Table S2, and Additional file 1: Table S3). The combinatorial treatment of SN extracts and gemcitabine did exert Excess Over Highest Single Agent (EOHSA) of up to 19% at certain dose combinations tested in AsPC1, suggesting that SN extracts might enhance gemcitabine activity albeit in a narrow dose range which encourages further investigations (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Fig. 1Synergistic effects of SN extracts and gemcitabine on PDAC. The 72 h treatment effects of SN and gemcitabine combination and single agent alone on PDAC cell viability were illustrated in the dose-effect curves. The treatment concentration ratio of SN to gemcitabine shown was 1:1. Each bar represents the mean ± standard deviation of three independent experiments. The curves in the Fa-CI plot showed the CI versus the fraction of PDAC cells that were inhibited by the combined treatment of SN and gemcitabine at concentration ratio of 1:1. The combinations were synergistic when CI values were \< 1 Fig. 2Combinatory effects of SN extracts and gemcitabine on PDAC. The efficacy of drug combinations was assessed by treating cells in an 8 × 8 matrix combination of SN and gemcitabine that was 2-fold serially diluted from the highest concentration of 50 mg/L. Cell proliferation was evaluated in 96-well plates using MTT assay at 72 h after treatment. Combenefit software was used to generate and assess the dose-response surface curves and drug interaction effects following the HSA model and Bliss independence model as implemented in the software. The level of synergy (blue) or antagonism (red) at each combination was indicated by the color scale shown. The net Bliss interaction volumes of the matrix drug combination were calculated based on MacSynergy II program and graded accordingly. All the experiments were conducted in triplicate and performed independently Table 2Combination Index of Gemcitabine and SN Extracts Combinatorial Treatment at Different Ratios on PDACCell LinesGem^a^:SN ratioCombination Index (CI) Values atInteractionED50ED75ED90Mean±SDBxPC31:40.480.600.830.64± 0.18Synergism1:20.290.410.590.43± 0.15Synergism1:10.260.420.700.46± 0.22Synergism2:10.310.450.680.48± 0.19Synergism4:10.440.490.550.49± 0.05SynergismSW19901:40.500.390.300.39± 0.10Synergism1:20.330.260.210.27± 0.06Strong Synergism1:10.310.240.190.24± 0.06Strong Synergism2:10.270.270.270.27± 0.00Strong Synergism4:10.200.280.380.29± 0.09Strong SynergismAsPC11:41.120.870.740.91± 0.19Nearly Additive1:20.590.420.340.45± 0.13Synergism1:10.450.280.210.32± 0.13Synergism2:10.340.200.150.23± 0.10Strong Synergism4:10.300.170.120.20± 0.09Strong Synergism^a^*Gem* Gemcitabine, *SN* SN Extracts Table 3Bliss Interaction Volume of Gemcitabine and SN Extracts Matrix Combination on PDACCell LinesBliss Interaction Volume (μM^2^%)DescriptionBxPC3168.93Strong Bliss synergySW1990365.60Strong Bliss synergyAsPC1− 368.61Strong Bliss antagonism

In addition, based on the DRI assessments (Additional file [1](#MOESM1){ref-type="media"}: Table S3), it was estimated that the concentration of gemcitabine required to achieve its ED50, which is the median effective dose (fraction affected, Fa = 0.5), could be reduced by 2.38- to 5.28-fold when combined with SN extracts in all the cell lines being tested. Together, our results implied that synergistic interaction exists between SN extracts and gemcitabine, with SN extracts strongly enhancing gemcitabine sensitivity in squamous subtype of pancreatic cancer cells, and the favourable DRI trend obtained might be exploited as an added benefit from combining SN with gemcitabine in pancreatic cancer cells. Based on the findings above, a subsequent apoptotic study was conducted using freshly prepared 5 μg/mL of SN extracts and 5 μg/mL of gemcitabine (at 1:1 ratio) on human pancreatic cancer cells.

SN extracts and gemcitabine synergistically induced apoptosis by downregulating anti-apoptotic bodies, independent of TLR-4 expression {#Sec16}
--------------------------------------------------------------------------------------------------------------------------------------

To determine the mode of cell deaths induced by the synergistic effects of SN extracts and gemcitabine, we quantified the apoptotic nucleosomes induced by 0.1% DMSO, 5 μg/mL SN extracts and/or 5 μg/mL gemcitabine. As shown in Fig. [3](#Fig3){ref-type="fig"}a, 5 μg/mL of SN and 5 μg/mL of gemcitabine (1:1 ratio) significantly induced more apoptotic nucleosomes in all pancreatic cancer cells (4.7- to 6.7-folds). SN extracts (5 μg/mL) only induced 1.2- to 1.5-folds of apoptotic nucleosomes while 5 μg/mL of gemcitabine only induced 1.9- to 2.5-folds of apoptotic nucleosomes. Combination of SN and gemcitabine also induced 3.4--4.2 fold of apoptosis in Annexin V assay. It was found to be much higher fold of apoptotic cells death as compared to apoptotic induction when pancreatic cancer cells were treated with 0.1% DMSO, SN, or gemcitabine. Fig. 3Apoptotic effects of SN extracts and gemcitabine on PDAC cells. **a** AsPC1, BxPC3 and SW1990 were treated with 0.1% DMSO, SN extracts, gemcitabine, or combination of both SN extracts and gemcitabine. The cells were then harvested for apoptotic induction using ELISA assay. **b** Apoptotic cell death in AsPC1, BxPC3 and SW1990 cells was quantified using Annexin V/7-AAD flow cytometry at 72 h following treatment. **c** The same lysates were tested for TLR-4 expression using ELISA assay. **d** SW1990 cells were treated with 0.1% DMSO, SN extracts, gemcitabine, or a combination of both SN extracts and gemcitabine, and the proteins were harvested for protein array analysis. **e** BxPC3 and SW1990 cells were exposed to 0.1% DMSO, SN extracts, gemcitabine, or a combination of both SN extracts and gemcitabine for 48 h. Protein lysates were subjected to SDS-PAGE. GAPDH was used as loading control. Each bar represents the mean ± standard deviation of three independent experiments

Since a previous study \[[@CR18]\] suggested that SN extracts inhibited TLR-4 expression and the TLR-4 activation in macrophages, we also investigated the effects of SN extracts and/or gemcitabine on TLR-4 expression in human pancreatic cancer cells. As shown in Fig. [3](#Fig3){ref-type="fig"}c, the TLR-4 expressions on AsPC1, BxPC3 and SW1990 were not significantly reduced by SN extracts, gemcitabine or the combination of both SN extracts and gemcitabine compared to cells treated with 0.1% DMSO. These results indicated that the synergistic effects of SN extracts and gemcitabine was independent to TLR-4 expression on human pancreatic cancer cells.

To further investigate the apoptotic cell death profiles induced by SN extracts and gemcitabine on human pancreatic cancer cells, SW1990 cells (the squamous pancreatic cancer cells with the highest apoptosis induction by SN and gemcitabine) were treated with 5 μg/mL SN extracts and/or 5 μg/mL gemcitabine and subjected to Raybio® Human Apoptosis Antibody Array (Norcoss, GA, USA). Our results showed that SW1990 cells treated with combination of SN extracts and gemcitabine (1:1), showed 2.69-fold and 1.333-fold increases of bax (bcl-2-associated X protein) and BID (Bcl-2 homology 3 interacting domain death agonist) respectively as compared to cells treated with 0.1%DMSO (Fig. [3](#Fig3){ref-type="fig"}d). Similarly, SW1990 cells treated with 5 μg/mL gemcitabine (but not 5 μg/mL SN extracts) showed 2.500-folds and 1.667-folds increases of bax and BID respectively. Gemcitabine reduced the expression of anti-apoptotic bodies, namely bcl-2 (B-cell lymphoma 2), cIAP-2 (cellular inhibitor of apoptosis 2), livin, survivin and XIAP (X-linked inhibitor of apoptosis protein) in SW1990 cells. However, our results showed that the combination of SN extracts and gemcitabine had a greater reduction of these anti-apoptotic bodies expression in SW1990 cells, compared to cells treated with gemcitabine alone. The combination of SN and gemcitabine did not affect the expression of TNF (tumor necrosis factor) related apoptosis inducing ligand (TRAILR1--4), selected pro-apoptotic bodies and anti-apoptotic bodies. To confirm the combinatory effects on apoptosis pathways, we evaluated the protein levels of bax (pro-apoptotic), bcl-2, cIAP2 and XIAP (anti-apoptotic) in SW1990 and BxPC3 cells following treatement with SN extracts and gemcitabine. As highlighted in Fig. [3](#Fig3){ref-type="fig"}e, the combination of SN extracts and gemcitabine upregulated bax; but downregulated the anti-apoptotic proteins such as bcl-2, cIAP-2 and XIAP. The results were similar to findings observed in antibody array. These results suggest that synergistic apoptotic induction by upregulating bax and downregulating bcl-2, cIAP-2, and XIAP in human pancreatic cancer cells.

Discussion {#Sec17}
==========

In recent years, the use of complementary and alternative medicine among cancer patients has been raising. This exponential increase could be attributed to the enhanced awareness of the general public to social media who are marketing the benefits of complementary medicine and the overall misgivings towards conventional cancer treatments. Furthermore, patients consume complementary and alternative medicine because they believe it will improve their quality of life. Some patients may even think complementary and alternative medicine can prolong life and promote cancer remission. These common complementary and alternative medicines include herbs, vitamins, minerals, homeopathy, naturopathy and specialized diets \[[@CR33]--[@CR36]\]. Numerous studies reported that 48--88% cancer patients used complementary and alternative medicine as part of their cancer therapy \[[@CR37]--[@CR39]\]. Despite the popularity of complementary and alternative medicine, there is limited research evaluating the scientific efficacy of complementary and alternative medicine in cancer treatment as well as its interaction with conventional cancer treatment. In addition, compared to patients receiving conventional cancer treatment, patients who chose complementary and alternative medicine also showed higher refusal rates of surgery, chemotherapy, radiotherapy, and hormone therapy. These factors lower the 5-year overall survival rates, inadvertently leading to greater mortality risks \[[@CR36]\]. Hence, the need for conclusive evidence of the evidence of complementary and alternative medicine in cancer treatment is needed.

Based on folk medicine, *C. nutans*, or Sabah Snake Grass is one of the popular herbs and perceived to have anti-cancer effects \[[@CR13]--[@CR15]\]. To the best of our knowledge, only several isolated studies have thus far investigated the claims. Our previous study \[[@CR18]\] suggested *C. nutans* extracts exhibit potential immunomodulator effects. Evidence suggests pancreatic cancer may susceptible to immunotherapies or immunodulators \[[@CR40]\]. It is the interest of Asians to thoroughly investigate the role of *C. nutans* in cancer. The extracts were found to induce low anti-proliferative effect (IC~50~ = 47.31--47.70 μg/mL) against in vitro lung, cervical, liver, leukemia, gastric and cancer cells \[[@CR15]\]. Our study has also shown that most of LP, LN, SP and SN extracts have very weak (IC~50~ \> 30 μg/mL) anti-cancer effects when tested against 4 breast cancer cells, 4 colorectal cancer cells, 4 lung cancer cells, 4 endometrial cancer cells, 4 nasopharyngeal cancer cells and 3 pancreatic cancer cells, suggesting *C. nutans* may have no or very week anti-proliferative effect in cancer cells. The most potent *C. nutans* extracts amongst all tested extracts was SN extracts, with IC~50~ around 30.91--39.12 μg/mL on SW1990, AsPC1 and BxPC3. There were extensive phytochemistry studies, isolating many compounds from *C. nutans*, trying to investigate the anti-cancer effects of these isolated compounds. These flavonoids and terpenoids were also commonly isolated from various other plants \[[@CR41], [@CR42]\].

Previous study \[[@CR42]\] published extensive metabolite profiling of *C. nutans* extracts. The research team identified betulin, lupeol and beta-sitosterol (Sigma Aldrich, USA) in stem extracts, which were not identified from other *C.nutans* extracts. Isovitexin, vitexin, rutin, chlorogenic acid and gallic acid (Sigma Aldrich, USA) were found in other extracts but not in SN extracts. In the attempt to correlate the bioactivity of these compounds to the observed anticancer effects of SN extracts, we purchased the pure compounds and tested it individually in our in vitro cytotoxicity assay. However, none of these compounds exhibited a promising anti-cancer effect against human pancreatic cancer cells (Additional file [1](#MOESM1){ref-type="media"}: Table S4). The observed anticancer effects may be due to novel compounds or a combinatory of compounds. To date, none of the isolated compounds or extracts have reached the patient as a promising anti-cancer agent. It is very unlikely a single isolated compound or a single extract from *C. nutans* alone may render a promising anticancer effects. Thus, it is not recommended to consume these extracts as a total replacement to conventional cancer chemotherapy.

According to the locals, many of the cancer patients were also taking the *C. nutans* extracts while receiving the chemotherapy and some of them claimed they have a 'better recovery'. We were interested to find out whether the anti-cancer effects exhibited by chemotherapy may be enhanced or abolished in the present of extracts *C. nutans*. Thus, we then proceeded to investigate the effects of SN extracts (the most potent extracts) together with gemcitabine (the first line chemotherapy for pancreatic cancer patients) in both squamous pancreatic cancer cells (SW1990 and BxPC3) as well as progenitor pancreatic cancer cells (AsPC1). To our surprise, SN extracts strongly enhanced gemcitabine sensitivity in the squamous subtype of pancreatic cancer cells (SW1990 and BxPC3) but not the progenitor pancreatic cancer cells (AsPC1), and the favourable DRI trend obtained might also be exploited as added benefit of combining SN with gemcitabine in squamous pancreatic cancer cells. To date, there is no report of synergistic interaction between SN extracts when combined with gemcitabine in any cancer treatment study. A healthy individual will have no squamous cells in the pancreas. As compared to progenitor cells carcinoma, squamous cell carcinoma of the pancreas is associated with poor prognosis, more aggressive with higher metastasis rate and no targeted therapy \[[@CR43], [@CR44]\]. The major difference between squamous and progenitor carcinoma would be the transcription factors in endodermal development and differentiation. TGF-β and MYC were usually overexpressed among the squamous carcinoma, but not progenitor carcinoma \[[@CR44]\]. In view of the upregulation of TGF-β among squamous carcinoma, gemcitabine treatment may down-regulate TGF-β in pancreatic tumor and resulting a better treatment outcomes achieved among the squamous carcinoma. The underlying mechanism behind gemcitabine inhibitory effect on TGF-β could be driven by its modulatory effect on STAT3 phosphorylation \[[@CR45]\] Alternative explanation to the observed stronger synergism against squamous carcinoma may be attributed to MYC inhibitor in SN extracts (eg: fisetin \[[@CR46]\]) may downregulate MYC to enhance the cytotoxicity effect of gemcitabine. Kim N et al. elucidated fisetin enhanced cytotoxicity effect of gemcitabine in squamous carcinoma via inhibition of MYC signalling \[[@CR46]\]. Both possible explanations may require further phytochemistry studies and molecular mechanistic studies to identify the underlying mechanism. Nevertheless, the combination of SN extracts and gemcitabine may have more promising outcomes against pancreatic ductal carcinoma especially the squamous carcinoma. Current research has been revolving around discovering ways to target the molecular subtype as a roadmap for precision medicine in pancreatic cancer \[[@CR47]\].

Our findings may encourage exploration of the role of nutraceuticals (SN extracts) in combining with pharmaceuticals (gemcitabine) for patients with squamous pancreatic adenocarcinoma. There have been several plant extracts found in the past which has synergistic interactions when used in combination with gemcitabine. Yu J and coworkers reported that the extract of Pao Pereira enhanced the anti-tumor effect of gemcitabine in mice bearing pancreatic tumors with reduced metastatic lesions in peritoneum \[[@CR48]\]. The same research team also reported that *Rauwolfia vomitoria* extract can potentiate gemcitabine's anti-tumor effects, via reduction in tumor burden and prevented metastatic potential in an orthotopic pancreatic cancer mouse model \[[@CR49]\]. Alternative study by Archana Pandita and coworkers suggested that gemcitabine may synergise with betulinic acid and thymoquinone, both of which are common dietary compounds, by inhibiting the proliferation of pancreatic cancer cells, inducing apoptosis and down-regulating pyruvate kinase M2 isoforms \[[@CR50]\]. Irofulven (a compound from sesquiterpene mushroom metabolites) \[[@CR51]\], cucurbitaicin B (Cucurbitacae family) were some of the pure compounds isolated from plants that can enhance the anti-tumor effects of gemcitabine \[[@CR52]\]. Not forgetting that, in the presence of SN extracts, we can reduce the dose of gemcitabine by 2.38--5.28 fold and maintain the effects of gemcitabine in pancreatic cancer cells. By reducing the dose of gemcitabine, we can potentially reduce the toxicities associated by gemcitabine \[[@CR53]--[@CR55]\]. Nanotechnology in formulation, such as niosomes or liposomes, may be able to co-deliver SN extract and gemcitabine together \[[@CR56]\]. These studies supported that SN extracts could be used to potentiate a chemotherapy, and are worth further investigation.

It is known that bcl-2, cIAP-2, livin, survivin and XIAP are the anti-apoptotic markers that prevent cancer cells undergoing apoptosis \[[@CR20], [@CR22]\]. Thus, by suppressing these anti-apoptotic proteins, the combination of SN extracts and gemcitabine, may induce inhibition in cell proliferation and apoptosis. Particularly, high expression of these anti-apoptotic proteins is associated with higher risk of chemoresistance and poorer prognosis among cancer patients \[[@CR57], [@CR58]\]. Our data clearly shown that the downregulation of antiapoptotic proteins, particularly bcl-2, cIAP-2, and XIAP by the combination of SN extracts and gemcitabine could be probably enhancing the pro-apoptotic proteins, such as bax levels leading to apoptotic cell death. TLR-4, the innate immune receptor, is related to immune evasion and carcinogenesis \[[@CR59]\]. A study shown TLR-4 were expressed in AsPC1, BxPC3, and SW1990 cells \[[@CR60]\]. Surprisingly, even though the previous study \[[@CR18]\] suggested that SN extracts can reduce TLR-4 activities, the level of TLR-4 in cancer cells was not affected by SN extracts or in combination with gemcitabine. These results are in favour of our hypothesis that SN extracts synergised the anticancer effects of gemcitabine via upregulation of pro-apoptotic proteins, and downregulating the antiapoptotic proteins, independent of TLR-4 expression. Since TLR-4 is an upstream innate immune receptor, extracts that do not inhibit TLR-4 expression may have less implication for the immune system of the host. It is important to maintain the immune system of the host, in view of the fact that most cancer patients may suffer immunosuppression due to the non-selective cytotoxicity of the chemotherapies.

The crux of the study is to provide evidence-based data to support or refute the traditional practices of *C. nutans* in cancer. Hence, we emphasised on phenotypic investigation, rather than detailed mechanistic investigation because the phenotypic observation or therapeutic response has yet to be established. To the best our knowledge, our results is the first to confidently suggest that *C. nutans* extracts should not be used alone or as a replacement to chemotherapy since the extracts were not potent in all the 23 human cancer cells. Since the study was only conducted only in vitro, future study should emphasis on its investigating the synergistic effects on pancreatic tumor animal model with detailed mechanistic study. The mechanistic study may further explore correlation of pro- and anti-apoptotic markers with hallmarks of cancer inflammatory markers such as TLR-4, p38, p65, pERK and pJNK. The animal study would also provide evidence whether the combination of SN extracts and gemcitabine may alter the tumor microenvironment and tumor-immune system interaction. Also, it would be useful to determine the active metabolites from SN extracts. Our findings suggested the commonly isolated compounds (such as vitexin and isovitexin) had no anti-cancer effects. It is strongly believe that other active metabolites in SN extracts have yet to be uncovered. Detailed chromatography studies would be of useful to isolate and to characterise the active metabolites. With the known active metabolites isolated and characterised, it would be clearer to determine the pharmacodynamic and pharmacokinetics interaction between the active metabolites and gemcitabine. It may provide new evidence for future study to investigate the potential of these metabolites in enhance chemosensitivity and to reverse chemoresistance in human pancreatic cancers.

Conclusion {#Sec18}
==========

Our results provide confidence that *C. nutans* extracts should not be administered to patients as a replacement to chemotherapy. However, the findings support the development of SN extracts to synergise the antitumor effects of gemcitabine in squamous pancreatic ductal adenocarcinoma. The concentration of gemcitabine required to achieve its median effective dose in pancreatic cancer treatment, could be reduced by 2.38- to 5.28-fold. Further studies may concentrate on the active metabolites of SN extracts as well as determining the synergised mechanism of actions in squamous pancreatic cancer animal studies.

Additional file
===============
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Additional file 1:**Figure S1.** The matrix plots from Combenefit reported the HSA and Bliss synergy/antagonism score ± standard deviation for each combination treatment of SN and gemcitabine at different concentrations. Each combination was colored according to the scale where red and blue represent antagonism and synergy, respectively and the asterisk(s) indicate the level of significance (\* *p* \< 0.05, \*\* *p* \< 0.001, \*\*\* *p* \< 0.0001). **Table S1.** Description of Combination Index in Chou-Talalay method **Table S2.** Description of Bliss interaction volume in MacSynergy™ II. **Table S3.** Dose reduction index of gemcitabine and SN combinatorial treatment at different ratios on PDAC cells. **Table S4.** IC50 of Pure Compounds in *C. nutans* Extracts. (DOCX 1089 kb)
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:   One-way analysis of variance

Bax

:   Bcl-2-associated X protein

Bcl-2

:   B-cell lymphoma 2

BID

:   Bcl-2 homology 3 interacting domain death agonist

CI

:   Combination index

cIAP-2

:   Cellular inhibitor of apoptosis 2

DMSO

:   Dimethylsulfoxide

DRI

:   Drug reduction index

ELISA

:   Enzyme-linked immunosorbent assay
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:   Excess Over Highest Single Agent

Gem

:   Gemcitabine
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:   Highest Single Agent

IC~50~

:   50% inhibitory concentration

LN

:   Non-polar leaf extracts of *Clinacanthus nutans*

LP

:   Polar leaf extracts of *Clinacanthus nutans*

MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PDAC

:   Pancreatic ductal adenocarcinoma

SN

:   Non-polar stem extracts of *Clinacanthus nutans*

SP

:   Polar stem extracts of *Clinacanthus nutans*

TFC

:   Total flavonoid content

TLR-4

:   Toll-like receptor 4

TNF

:   Tumor necrosis factor

TPC

:   Total phenolic content

TRAILR

:   Tumor necrosis factor related apoptosis inducing ligand

XIAP

:   X-linked inhibitor of apoptosis protein
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